ABSTRACT. Delta-6 fatty acid desaturases are rate-limiting desaturases involved in metabolic processes of fatty acids, and they are encoded by the FADS2 gene. In the current study, an F 2 resource population of Gushi chickens crossed with Anak broilers was used to investigate the genetic effects of the chicken FADS2. Two adjacent single nucleotide polymorphisms (SNPs) (g.4290C>G and g.4291C>A) were identified in the transcriptional regulatory region of the FADS2 gene by means of polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) and created restriction site-PCR-RFLP. Associations between the two SNPs with chicken fatty acid contents and growth traits were determined using linkage disequilibrium, haplotype construction, and association analysis. The two SNPs and their haplotype combinations were significantly associated with linoleic 
INTRODUCTION
Delta-6 desaturase catalyzes linoleic acid (LA, C18:2) and α-linolenic acid (ALA, C18:3) to γ-linolenic acid (GLA, C18:3) and stearidonic acid (C18:4), which involves the insertion of a double bond between carbon 6 and 7 by dehydrogenation. It is generally accepted that the delta-6 desaturation step is rate-limiting (Gill and Valivety, 1997; Kohamaet al., 1998; Innis, 2003; Vance and Vance, 2008) . Subsequently, GLA (C18:3) and stearidonic acid (C18:4) could be further biosynthesized into the long-chain polyunsaturated fatty acids (LCPUFAs) arachidonic acid (C20:4), eicosapentaenoic acid (EPA, C20:5), and docosahexaenoic acid (DHA, C22:6), as a result of further desaturase dehydrogenations (delta-5 desaturase) and elongase steps (Gill and Valivety, 1997; Nakamura and Nara, 2004; Baylin et al., 2007) . These LC-PUFAs are important components for the maintenance of normal cell function and for increasing the body's resistance of the neonates (Farrellet al., 1988) . Delta-6 desaturase is encoded by the delta-6 fatty acid desaturases (FADS) gene, FADS2. Studies have found that single nucleotide polymorphisms (SNPs) located on the FADS gene cluster contributed to the variability of several PUFAs, such as LA, ALA, and eicosadienoic acids, especially arachidonic acid in serum phospholipids and erythrocyte cell membranes (Malerba et al., 2008) . Nwankwo et al. (2003) demonstrated that a nucleotide insertion in the transcriptional regulatory region of the human FADS2 gene resulted in delta-6 desaturase deficiency and decreased FADS2 transcription. Further evidence showed that a FADS2 promoter polymorphism increased promoter activity and facilitated binding of the transcription factor ELK1 (Lattka et al., 2010) . Furthermore, an SNP in the FADS1/FADS2 gene appeared to cause a change in plasma lipid profiles in two genetically similar Asian ethnic groups with distinctive lifestyle differences (Nakayamaet al., 2010) . Research related to the FADS2 gene in poultry is more limited, however. Khang et al. (2006) investigated genetic variation in the FADS1 and FADS2 genes among different local Vietnamese chicken breeds, and found no polymorphisms in FADS2. This study also identified five SNPs and an association was found between these polymorphisms and the egg yolk fatty acid composition in the FADS2 gene of Japanese quail. This study therefore suggested FADS2 as a functional candidate gene for traits related to n-6 and n-3PUFA concentration in eggs, as demonstrated in experimental quail selection lines (Khang et al., 2007) . However, it is currently not known whether FADS2 plays a role in chicken growth and development. The FADS2 gene contains 12 exons and 11 introns, and was clustered with family member FADS1 on chromosome 5 in chicken, while in humans it clusters with FADS1 and FADS3 on chromosome 11. The first exon and intron are the longest (Cho et al., 1999; Khang et al., 2007; Kang et al., 2010) . In the present study, we identified genetic variations in chicken FADS2 through DNA pool sequencing, polymerase chain reaction-restriction fragment length polymorphism FADS2 gene SNPs associated with chicken growth (PCR-RFLP) and created restriction site (CRS)-PCR-RFLP methods, and analyzed relationships between genetic variations and some growth traits in chickens. The objectives of this study were to identify genetic polymorphisms in the FADS2 gene and to elucidate their associations with chicken performance traits.
MATERIAL AND METHODS

Resource populations
In this study, we used an F 2 resource family, whose details have been described in a previous study (Han et al., 2011) . Seventy F 1 animals (7 males, 63 females) were produced from Gushi chickens (24 hens and 2 roosters) and Anak broilers (12 hens and 4 roosters). Four Anak male chickens were mated with 24 Gushi females and 2 Gushi males were mated to 12 Anak females. A total of 860 offspring were produced from the F 1 population, which formed the F 2 Gushi-Anak resource population. All chickens were reared under the same environmental conditions with free access to feed and water.
Measurement of phenotypes
Growth traits of chickens were analyzed in this study, along with body weight (BW) and size. The 860 F 2 chickens were weighed individually at 0, 2, 4, 6, 8, 10, and 12 weeks respectively, while body size was measured at 0, 4, 8, and 12 weeks, including shank length (SL), shank girth (SG), chest depth (CD), chest breadth (CB), breast bone length (BBL), pectoral angle (PA), pelvis breadth (PB), and body slanting length (BSL). All chickens were slaughtered after 12 weeks. Additionally, the fatty acid constituents of muscle were separated and identified by gas chromatography-mass spectrometry (GC-MS), of which myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1), stearic acid (C18:0), oleic acid (C18:1), LA (C18:2), ALA (C18:3), eicosadienoic acid (C20:2), arachidonic acid (C20:4), EPA (C20:5), and DHA (C22:6) were detected.
DNA samples, PCR conditions, and genotyping
Genomic DNA samples were extracted from plasma of F 2 resource populations by the phenol-chloroform method. More than 150 DNA samples from F 2 individuals were randomly selected to construct the DNA pool, which was sent to Taihegene Biotechnology Co., Ltd (Beijing, China) for SNP screening of the FADS2 gene.
Two pairs of primers were designed based on the sequencing results and the chicken FADS2 sequence (GenBank: NW_001471700). Primer P1 (F: 5ꞌ-TGAACTGAAGCGTTTGATGG-3ꞌ, R: 5ꞌ-TGGCTTTCTTGGCAATAGG-3ꞌ) was designed to amplify the 283-bp fragment containing g.4290C>G in the promoter region of the FADS2 gene. Meanwhile, P2 (F: 5ꞌ-ATGGTCAGCCATAGGTCTCCTTT-3ꞌ, R: 5ꞌ-GGCTTCACTCACTGATGTTACTA-3ꞌ) was designed for the 167-bp fragment covering the g.4291C>A, which was amplified by created restriction site (CRS)-PCR-RFLP. All primers were provided by Sangon Biotech (Shanghai) Co Ltd (Shanghai, China).
The PCR amplification system was performed in a total volume of 25 µL, containing 50 ng DNA, 1 µM each primer, and 12 µL Taq MasterMix (Cwbiotech, Beijing). The PCR was run according to the following program: 5 min at 95°C (initial denaturation), 30 cycles of 94°C for 30 s, 56.5°C (primer P1) or 60°C (primer P2) for 30 s, and 72°C for 30 s, and a final extension at 72°C for 10 min. The PCR products were digested by restriction enzyme (RsaI for g.4290C>G and SpeI for g.4291C>A) overnight at 37°C. Finally, the digestion products were separated by electrophoresis on 1.5% (g.4290C>G) and 3% (g.4291C>A) agarose gels with ethidium bromide staining. Samples of each genotype were selected and sequenced by Sangon Biotech (Shanghai) Co Ltd. (Shanghai, China).
Linkage disequilibrium and haplotype
Linkage disequilibrium (LD) between two SNPs was estimated as pairwise r 2 and D' values using the SHEsis program (http://analysis.bio-x.cn/myAnalysis.php). Individual haplotypes were inferred by the use of the two SNPs and the PHASE software package version 2.1 (Shi and He, 2005) . Haplotypes with frequencies greater than 1% were retained for further consideration.
Statistical analysis
Phenotypic correlations between genotypes and the selected traits of F 2 chickens were calculated using the following linear mixed model in SPSS 17.0:
where Y ijklm is the dependent variable (analyzed traits), µ is the overall mean, G i is the fixed effect of genotype or haplotype, S j is the fixed effect of sex, H k is the fixed effect of hatch, f l is the random effect of family, and e ijklm is the random error.
The effect of genotypes or haplotypes of the polymorphisms of the FADS2 gene on target traits were investigated by least-squares analysis. In cases where the effect of genotypes or haplotypes was significant (P < 0.05), the Bonferroni test was used for multiple comparisons of the genotypes, and the additive and dominance effects were estimated using linear regression in SPSS 17.0. The additive effect was estimated as 1, 0, and -1, representing the CC(AA), GC(AC), and GG(CC) genotypes, respectively, whereas the dominance effect was estimated as 1, -1, and 1, representing the CC(AA), GC(AT), and GG(CC) genotypes, respectively.
RESULTS
SNP identification and genotyping
DNA sequencing identified two adjacent novel SNPs, g.4290C>G and g.4291C>A, in the transcriptional regulatory region of the FADS2 gene. For both SNPs, three genotypes were detected through the (CRS)-PCR-RFLP method, which were confirmed by sequencing the homozygote PCR products. For the g.4290C>G site, the frequencies of alleles C and G were 0.632 and 0.368, respectively. The genotype frequencies of CC, GC, and GG were 0.377, 0.512, and 0.112, respectively. For g.4291C>A, the allele frequencies of C and A were 0.546 and 0.454, respectively, and the genotype frequencies of CC, AC, and AA were 0.230, 0.632, and 0.138, respectively.
Linkage disequilibrium and haplotype construction
The two SNPs were in strong LD, which was estimated as D' = 0.975, r 2 = 0.459. Through estimating SNP haplotype frequencies by using PHASE 2.0, three haplotypes were observed with frequencies > 0.01 among individuals of the F 2 resource population, including H1 (C-A), H2 (C-C), and H4 (G-C), with frequencies of 0.450, 0.183, and 0.363, respectively; H3 (G-A) was deleted from further analysis due to its low frequency (0.004).
Associations of SNPs and chicken performance traits
The g.4290C>G polymorphism showed significant associations with BW2, BW4, BW6, SL4, SG4, BBL4, ALA (C18:3), and arachidonic acid (C20:4) (P < 0.05). Furthermore, chickens with the GC genotype had higher SL4 values. For the other traits, the GG genotype showed significantly higher values than did the GC and CC genotypes. In tests for additive and dominant effects, additive effects were significant (P < 0.05) for BBL4 and ALA (C18:3), and the dominance effect was significant (P < 0.05) for arachidonic acid (C20:4).
Significant associations for the g.4291C>A polymorphism were found with birth body weight (BBW), BW2, BW4, BW6, SG4, BBL4, LA (C18:2), and arachidonic acid (C20:4) (P < 0.05). The mean values of these traits were significantly higher in genotype CC than in genotypes CA and AA. For BW4, BW6, BBL4, and LA (C18:2), the additive effects were significant (P < 0.05), and the dominance effect was significant (P < 0.05) for arachidonic acid (C20:4) ( Means within a row with no common superscript differ significantly (P < 0.05).
Associations of the haplotypes with chicken growth and performance traits
Six haplotype combinations were found in the F 2 resource population. Significant associations were found between the haplotype combinations and LA (C18:2), ALA (C18:3), arachidonic acid (C20:4), BW2, BW4, BW6, SG4, and BBL4 (P < 0.05). For most of these, the diplotype of H4H4 (G-C/G-C) showed significantly higher levels than those with other diplotypes (Table 2 ). Means within a row with no common superscript differ significantly (P < 0.05).
DISCUSSION
This study was the first to evaluate associations between genetic variants in the transcriptional regulatory region of the FADS2 gene with fatty acids in a poultry resource family. In this study, two adjacent novel SNPs were found in the transcriptional regulatory region of the FADS2 gene. We evaluated whether SNPs in the FADS2 gene were associated with chicken performance traits. Furthermore, owing to the two SNPs being in close LD, we constructed the haplotypes and then analyzed whether the haplotype combinations showed similar results. The results revealed that the two SNPs and their haplotype combinations showed significant associations with some performance traits, such as LA (C18:2), ALA (C18:3), arachidonic acid (C20:4), BW2, BW4, BW6, SG4, and BBL4.
Until now, the majority of the research concerning FADS2 has focused on humans, which demonstrated that the FADS1/FADS2 loci were associated with plasma triglyceride, HDL-C, and LDL-C concentrations in populations with European ancestry (Kathiresan et al., 2008; Aulchenko et al., 2009) . Polymorphisms of FADS1/FADS2 showed strongest associations with fatty acid levels such as LA (C18:2), g-linolenic acid (C18:3), eicosadienoic acid (C20:2), arachidonic acid (C20:4), ALA (C18:3), dihomo-g-linolenic acid (C20:3), adrenic acid (C22:4), eicosapentaenoic acid (C20:5), docosapentaenoic acid (C22:5), among others in human serum phospholipids (Schaeffer et al., 2006) . Similar results were demonstrated in the present study on poultry. The two adjacent novel SNPs of the FADS2 gene, as well as their corresponding haplotypes, were most highly associated with LA (C18:2), ALA (C18:3), and arachidonic acid (C20:4), which are essential fatty acids of the chicken. LA (C18:2) and ALA (C18:3) cannot be biosynthesized de novo, and are instead derived from the diet, and subsequently cannot be bioconverted to longer and more unsaturated LC-PUFAs. Further-more, arachidonic acid (C20:4) was found to be the major metabolite of dietary LA (C18:2) (Poureslami et al., 2010) . Merino et al. (2011) reported that genetic variation in the FADS gene cluster could alter desaturase activity in human subjects of Caucasian and Asian descent. In the present study, the data was insufficient to determine whether the two adjacent mutations could result in enzyme activity; therefore, the mechanism that caused the observed changes in fatty acid content require further validation.
In poultry, five SNPs were identified in Japanese quail and an association was found between these polymorphisms and the egg yolk fatty acid composition (Khang et al., 2007) . However, reports investigating the associations between growth traits and SNPs of the FADS2 gene in poultry are scarce. The current study provides strong evidence that the adjacent SNPs and their haplotype combinations are associated with BW2, BW4, BW6, SG4, and BBL4. Therefore, the SNPs were associated with the early-stage growth rate of chickens, especially at 4 weeks. In the later growth stage, this advantage became negligible (P > 0.05).
In chicken breeding practices, some chickens are selected on the basis of precocity and their ability to reach their market live weight at an early age. The combination of age, low kinetic activity, and high feed intake results in a higher fat accumulation in muscles (Dal et al., 2012) . However, in our study, the fast growth rate did not cause significant accumulation of fat in muscles (data not shown).This trait combination would be beneficial for the selection and breeding of high quality broiler chicken species. We speculated that this mutation caused the appearance of the aforementioned fatty acids and its accumulation in the muscle, which would affect the early-stage growth rate of chickens; however, the precise mechanism requires further investigation.
In conclusion, two adjacent SNPs were found in the transcriptional regulatory region of the FADS2 gene. Both SNPs showed significant associations with body weight and fatty acid traits. Therefore, these results support the hypothesis that the FADS2 gene plays an important role in the early-stage growth rate of chickens. The limitations of the present study should be considered when interpreting these results and the specific desaturase activity should be measured in future related studies.
